HCC is a complex cancer arising in a diseased organ. All therapies must be considered with a view to the patient's liver function and performance status. Liver dysfunction is the rate-limiting step for the key components to any therapy: tolerance, efficacy, and safety. Sequelae of cirrhosis in patients with HCC include development of portal hypertension with hypersplenism leading to platelet sequestration (potentially limiting administration of myelosuppressive agents), development of varices (with their attendant risk of bleeding), and ascites formation; hypoalbuminemia, which causes peripheral edema and may interfere with drug binding (possibly altering distribution of drugs); changes in liver vascularization and capillarization of sinusoids (leading to altered pharmacokinetics); and liver dysfunction (reducing the therapeutic margin of many drugs). Collectively, these factors make it difficult to arrive at a dose that is able to provide a therapeutic benefit with minimal side effects.
Care of the patient with HCC requires a multidisciplinary approach both clinically and scientifically. The molecular biology and genetics of hepatic oncogenesis must be considered within the context of the pathobiology of cirrhosis. The intersection of these pathways will likely provide the most promising targets and will also require the most intense innovation and collaboration among investigators.
Because advanced HCC is diagnosed in most patients, there is a great clinical need to develop effective, well-tolerated targeted systemic therapies. Thomas and colleagues 7 outlined and prioritized recommendations for clinical trials research in HCC. The investigators called for trials that will identify "additional effective systemic agents, combination systemic therapies, and combined modality options." To conceive of such studies it is important to review both the failures and successes of systemic therapy for HCC and to gain an understanding of the many promising pathways for targeted therapies.
OVERVIEW OF CYTOTOXIC CHEMOTHERAPY AGENTS
There have been several cytotoxic chemotherapy regimens that have demonstrated some antitumor activity both as single agents (doxorubicin, VP-16, cisplatin, mitoxantrone, and paclitaxel) as well as in combination with other agents ( Table 1) . Among these agents, the most promising cytotoxic chemotherapy agent since the 1970s has been doxorubicin, initially evaluated in a study in Uganda with 14 patients and demonstrating an impressive 79% tumor response rate (RR). 8 Unfortunately, subsequent larger studies could not reproduce this result, with RRs in the 10% to 20% range, comparable with what has been observed with other cytotoxic agents (see Table 1 ). In terms of survival benefit, the data with doxorubicin are less clear. Although a single trial randomizing 60 patients to either doxorubicin or placebo demonstrated improved median survival in the treatment group (10.6 weeks vs 7.5 weeks), 9 there have been no additional studies to date demonstrating this limited survival benefit.
Although early clinical trials have suggested that combination therapies may improve RRs up to 27%, overall survival (OS) has not been improved by combinations of cytotoxic chemotherapies (see Table 1 ). Among the combination regimens evaluated thus far, the most promising results initially came from a Phase II study assessing a regimen consisting of cisplatin (20 2 subcutaneously, Days 1-4) (PIAF) administered every 3 weeks for up to 6 cycles. 10 The regimen induced a partial response (PR) of 26% with 9 of 50 patients in this group initially with unresectable disease subsequently developing resectable disease. Among the 9 patients with resected disease, 4 were noted to have a pathologic complete response (CR), and alpha-fetoprotein (AFP) levels decreased to within acceptable limits. In spite of these encouraging initial data, the regimen was highly myelosuppressive (up to 35% with at least grade 3 leukopenia) and patients suffered from significant gastrointestinal toxicity, including at least grade 3 diarrhea (8%) and mucositis (4%). A subsequent Phase III study enrolling 188 patients with unresectable HCC and randomized to cisplatin/IFN alpha-2b/ doxorubicin/5-fluorouracil (PIAF) versus single-agent doxorubicin failed to reach the study primary end point of survival benefit with median survival of 6.83 months (95% confidence interval [CI] 4.80-9.56) and 8.67 months (95% CI of 6.36-12.00) for the doxorubicin arm and PIAF arm respectively (P 5 .83).
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A number of factors limit the efficacy of cytotoxic agents for patients with HCC. In addition to the challenges posed by cirrhosis, the resistance of HCC to many cytotoxic agents could be attributable to the tumor itself expressing the MDR gene and drug efflux pumps such as P-glycoprotein, 12 leading to efflux of the drug from the cancer cells, adding to the complexity of optimizing effective dose delivery to the tumor and its microenvironment.
Given the toxicities of multiagent chemotherapy without a reproducible clinical benefit, this approach is generally not pursued as palliative therapy in patients with advanced-stage HCC. Rather, salvage single-agent cytotoxic chemotherapies (ie, single-agent capecitabine or adriamycin) are considered after targeted therapies or clinical trial options have been exhausted. 
SORAFENIB INCREASES SURVIVAL IN PATIENTS WITH HCC
In response to the lack of significant clinical benefit from cytotoxic chemotherapy, a number of agents targeting various signaling cascades in HCC ( Fig. 1) have been evaluated in the Phase II setting, and Phase III trials are ongoing. After almost 3 decades of testing different cytotoxic chemotherapies for treating patients with HCC without demonstrating a significant clinical impact, the long-sought survival improvement was demonstrated with sorafenib. Sorafenib is a multikinase inhibitor against the Raf1, B-Raf, vascular endothelial growth factor receptor (VEGFR)-2, platelet-derived growth factor receptor (PDGR), and c-kit pathways (see Fig. 1 ). The seminal Sorafenib HCC Assessment Randomized Protocol (SHARP) trial was a large, international, Phase III randomized placebocontrolled study of 602 patients with advanced HCC with 299 patients receiving sorafenib and 303 receiving placebo. 6 The trial was halted following a second prespecified interim analysis because of the improvement in survival in the treatment group with the hazard ratio for sorafenib/placebo being 0.69 (95% CI: 0.55, 0.86; P 5 .0005) and median survival of 10.7 months versus 7.9 months respectively. Time to progression (TTP) of disease also favored the sorafenib-treated group (5.5 months vs 2.8 months for placebo).
However, survival and TTP advantages come at a cost of a number of side effects that differ from those expected with cytotoxic chemotherapy agents. The most frequent side effects were those commonly associated with other tyrosine kinase inhibitors, including diarrhea, fatigue, hand-foot syndrome (HFS), and weight loss. Antibodies listed in italics and small molecular inhibitors in shaded rectangles. EGFR, epidermal growth factor receptor; PDGFR, platelet-derived growth factor receptor; VEGFR, vascular endothelial growth factor receptor; FGFR, fibroblast growth factor receptor; PDK, phosphate-dependent kinase; PTEN, phosphatase and tensin homolog deleted in chromosomes 10; mTOR, mammalian target of rapamycin; MEK, mitogen-activated protein kinase kinase; ERK, extracellular related kinase.
Grade 3 to 4 toxicities were most common in the sorafenib arm and included diarrhea (11% vs 2% in placebo group) and HFS (8% vs 1% in placebo group).
The Asia Pacific trial confirmed the survival benefit of sorafenib. 13 This placebocontrolled study (150 subjects receiving sorafenib vs 76 receiving placebo) showed a similar improvement in survival and had an identical hazard ratio (OS 6.2 vs 4.1 months, P 5 .014, hazard ratio 5 0.68). The study population differed significantly from that in the SHARP trial, as more than 70% of patients had chronic hepatitis B, and there was a higher proportion of multifocal and metastatic disease. The inclusion of subjects with more advanced disease likely explains the lower absolute survival.
Of interest, subgroup analysis from the SHARP trial identified an even greater survival benefit for patients with hepatitis C.
14 In this cohort, OS was increased to 14.0 months from 7.9 months (hazard ratio 0.58). Himmelsbach and colleagues 15 have shown that sorafenib is able to interfere with HCV replication in vitro. This intriguing observation has yet to be validated in vivo.
Most of the data available for sorafenib has been observed in patients with ChildTurcotte-Pugh (CTP) A cirrhosis; further studies will be warranted to establish whether or not a true clinical benefit can be appreciated in CTP B and C patients with HCC.
The US Food and Drug Administration (FDA) has approved sorafenib for patients with unresectable HCC and, given the lack of other agents available to treat HCC, advanced CPT B patients with HCC and good Eastern Cooperative Oncology Group (ECOG) performance status (PS) are being offered sorafenib despite lack of safety and efficacy data to date. It should be emphasized that, at the present time, there is no indication for sorafenib use in patients who are candidates for ablative treatment. Studies on the use of sorafenib as an adjuvant treatment are ongoing (see the following section).
SORAFENIB AS AN ADJUVANT THERAPY
There are growing data to suggest that intrahepatic locoregional therapies may stimulate the production of cytokines, specifically VEGF, that drive tumor angiogenesis and metastasis. 16 Because of sorafenib's antiangiogenic effect, several studies are under way to evaluate its efficacy in combination with locoregional therapies such as transarterial chemoembolization (TACE). The Sorafenib as Adjuvant Treatment in the Prevention of Recurrence of Hepatocellular Carcinoma (STORM) trial is a Phase III study of sorafenib as adjuvant treatment in the prevention of recurrence of hepatocellular carcinoma. The objective of this trial is to evaluate the efficacy and safety of sorafenib versus placebo in the adjuvant treatment of HCC after curative therapy (resection or ablation). The primary end point is recurrence-free survival. The study opened in 2008 and has completed recruitment (enrollment of 1065 patients).
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Completion of the study is anticipated in 2014. A Phase II study is ongoing to assess the efficacy of sorafenib after TACE, namely the Sorafenib or Placebo in Combination with Transarterial Chemoembolization (SPACE) trial for intermediate-stage hepatocellular carcinoma. This is a double-blind, placebo-controlled study that has completed recruitment (307 enrolled). The primary end point is TTP. This study is expected to be completed later this year.
18 A Phase III study of TACE with or without sorafenib in unresectable HCC in patients with and without vascular invasion is actively recruiting. The purpose of the study is to assess progression-free survival (PFS). Expected enrollment is 400 patients with completion of the study anticipated in 2012. In this study, patients undergo TACE 2 weeks after a stable dose of sorafenib has been achieved. 19 Data from these studies will be pivotal in clarifying the standard of care and in driving future studies with other antiangiogenic agents.
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SORAFENIB-BASED COMBINATION CYTOTOXIC CHEMOTHERAPY REGIMENS
Given the relatively modest clinical benefit of single-agent sorafenib in CPT A patients with a number of toxicities of this drug, there is a clear need for further systemic therapies for patients with HCC. To this end, sorafenib-based regimens combined with cytotoxic chemotherapy (doxorubicin, capecitabine plus oxaliplatin, or gemcitabine plus cisplatin) are being evaluated. The most mature data come from a Phase II randomized control trial evaluating doxorubicin plus placebo versus doxorubicin plus sorafenib in patients with advanced HCC. Inclusion criteria included ECOG PS 0-2, CPT A cirrhosis, and no prior systemic therapies. 20 Ninety-six patients were randomized to receive 3-week cycles of doxorubicin at 60 mg/m 2 on day 1 plus either placebo or oral sorafenib at 400 mg twice daily for up to 6 cycles of treatment. Patients were given the option to continue with sorafenib or placebo following completion of the 6 cycles of therapy. Although the initial results were encouraging (OS and TTP were 13.7 months and 8.6 months in the doublet arm vs 6.5 months and 4.8 months in the doxorubicin arm), the potential cardiotoxicity and cytopenias (grades 3-4 in up to 50% of patients in both arms) from doxorubicin raises concerns, especially when therapy in this setting is palliative.
The "control" arm was doxorubicin alone (instead of sorafenib alone); therefore, it is unclear how much, if any, benefit this specific cytotoxic agent is adding to that gained by single-agent sorafenib. Evaluation of sorafenib with other cytotoxic agents, as noted previously, will be warranted with a control arm of sorafenib alone in upcoming trials to determine whether or not combinations of this nature will lead to a clinical benefit in patients with HCC.
APPROACHES OTHER THAN CYTOTOXIC CHEMOTHERAPIES OR SINGLE-AGENT SORAFENIB FOR THE TREATMENT OF HCC
A number of targeted therapies alone and in combination with sorafenib are being evaluated, including antiestrogen/androgen agents, antiangiogenic agents, epidermal growth factor receptor (EGFR) inhibitors, mammalian target of rapamycin (mTOR) inhibitors, mitogen-activated protein (MAP) kinase kinase (MEK) inhibitors and immunotherapies with cytokines, effector cells, and antigen-presenting cells.
Hormonal Manipulation
Because HCC can express estrogen receptors and estrogens can stimulate hepatocyte proliferation in vitro and may enhance liver tumor growth in vivo, the antiestrogen, tamoxifen, has been evaluated in advanced HCC. [21] [22] [23] Unfortunately, this agent did not improve survival in patients with HCC in 6 large randomized studies, 4 of which were double-blind trials. 24 Furthermore, antiandrogen therapies, including flutamide or triptorelin, have also been shown to be ineffective at improving survival in patients with HCC in randomized studies. 25 Somatostatin receptors are also expressed by HCC, but placebo-controlled trials of a long-acting somatostatin analog have also failed to demonstrate activity in patients with advanced HCC. 26 
Antiangiogenic Agents
HCCs are vascular tumors with increased VEGF expression, 27 and VEGF signaling cascades are proposed to induce HCC. High levels of VEGF expression correlate with worse OS in patients with HCC 28 ; therefore, agents blocking VEGF and its downstream signaling cascade are being evaluated in this disease.
Bevacizumab
Bevacizumab, a recombinant humanized monoclonal antibody targeting VEGF, has been developed and is approved for the treatment of a number of advanced stage solid malignancies, including metastatic lung and colon cancers. 29 Although this antibody does not have direct cytotoxic effects, its antitumor activity is thought to be attributable to several mechanisms, including direct antiangiogenic effects leading to decreased tumor vasculature production and "normalization" of existing tumor vasculature leading to increased interstitial pressure and possible improved delivery of cytotoxic or other targeted agents. 30 Single-agent bevacizumab has been reported to demonstrate antitumor activity in 2 Phase II trials. 31, 32 Both trials demonstrated an RR of 12% to 13%, and the trial conducted by Siegel and colleagues 31 reported median PFS of 6.9 months (95% CI, 6.5-9.1) and median survival of 12.4 months (95% CI, 9.4-19.9) in 46 patients. It is important to note that grade 3 or higher hemorrhage occurred in 11% of patients (5/46), with 1 fatality from variceal hemorrhage. This is notable in comparison with the SHARP trial where only one subject experienced grade 3 bleeding and no grade 4 bleeding was reported. 6 Combinations of bevacizumab with cytotoxic chemotherapies have also been evaluated in 3 Phase II studies. Of these 3, the largest Phase II study evaluated bevacizumab in combination with gemcitabine and oxaliplatin in patients with advanced HCC. 33 Overall RR was reported to be 20% with an additional 27% of patients demonstrating stable disease for a median duration of 9 months. Median OS in patients receiving this combination was 9.6 months, which is less than that reported in the SHARP trial evaluating sorafenib alone; the median PFS approached that of singleagent sorafenib at 5.3 months.
In addition to the combination of bevacizumab and cytotoxic agents, a single-center Phase II trial has reported evaluating the combination of bevacizumab (10 mg/kg IV for 14 days) and the EGFR inhibitor, erlotinib (150 mg by mouth daily), in patients with advanced HCC. 34 The initial data are encouraging, as Thomas and colleagues 34 report a 25% RR, a median PFS of 9 months, and an OS of 15 months-all outcomes that are better than that observed with single-agent sorafenib. However, similar to the results reported by Siegel and colleagues, 31 in this study the rate of grade 3 or higher gastrointestinal hemorrhage was 12.5% (5/40 patients).
Although all of the trials suggest that bevacizumab alone and in combination with cytotoxic agents and erlotinib enhanced antitumor activity, there appears to be a significantly increased risk of bleeding compared with sorafenib. Further studies with larger cohorts will be necessary to define the safety and clinical efficacy of bevacizumab alone and in combination with the agents described previously.
Sunitinib
A number of small molecule inhibitors in addition to sorafenib have been developed that block the VEGF pathway, as well as other signaling cascades. Sunitinib is an oral multikinase inhibitor targeting VEGFR-1, VEGFR-2, PDGFR-a/b, c-kit, FLt-3, and rearranged during transfection (RET) kinases and is currently approved for the treatment of advanced renal cell cancer. 35 Two Phase II studies have evaluated this agent at different dosing schedules in patients with advanced HCC. The first study evaluated sunitinib administered orally at 37.5 mg daily for 4 weeks on, 2 weeks off, and the primary end point was PFS. 36 Among the 34 patients participating in this study, 1 patient had a PR lasting 20 months whereas an additional 10 patients had stable disease lasting at least 12 weeks. PFS was reported to be less than that observed with sorafenib at 3.9 months with OS approaching that of sorafenib at 9.8 months. The second Phase II study evaluated the administration of sunitinib at 50 mg daily for 4 weeks on and 2 weeks off in patients with unresectable HCC, with the primary end point being overall RR according to the Response Evaluation Criteria in Solid Tumors (RECIST). 37 Thirty-seven patients were enrolled and 1 patient also experienced a PR with 13 additional patients demonstrating stable disease. Median OS was reported to be 8.0 months and a PFS similar to the previous trial at 3.7 months.
When comparing the 2 dosages, as expected, the first study using the lower dosage of 37.5 mg reported lower grade 3 or 4 toxicities compared with the second study using the 50-mg higher dosage that resulted in increased grade 3 or 4 toxicities as well as a higher death rate (10%).
Although there appears to be a biologic signal from both studies demonstrating a clinical benefit from this agent, a head-to-head randomized Phase III study evaluating sunitinib at the 37.5 mg daily dosage versus sorafenib at 400 mg twice daily dosing in HCC was terminated because of a higher prevalence of serious adverse effects in the sunitinib arm.
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Brivanib
Like sorafenib, brivanib is also a small molecular inhibitor of VEGFR-2; however, it inhibits the fibroblast growth factor receptor (FGFR) signaling pathway (see Fig. 1 ) as well, and has been shown to inhibit HCC growth in a mouse xenograft model. 39 Recently a Phase II study was conducted to evaluate the safety and efficacy of this agent in patients with unresectable or metastatic HCC who either never received prior systemic treatment (cohort A) or progressed on one regimen of angiogenesis inhibitor (cohort B). 40 In this study, 55 patients were in cohort A and 41 patients were in cohort B and all patients received oral brivanib at 800 mg daily. The median survival of patients in cohort A was reported to be 10 months with TTP of 2.8 months with a PR observed in 5% of patients.
In both cohorts, more than 50% of patients demonstrated a greater than 40% decrease in AFP levels following initiation of this small molecule inhibitor. Of the side effects reported, the most common grade 3 or 4 events included fatigue (16%), elevated aspartate aminotransferase levels (19%), and hyponatremia (41%) in cohort A, whereas the most common grade 3 or 4 events in patients in cohort B who had previously experienced one regimen of antiangiogenesis inhibitor included hypertension (7.3%), diarrhea (4.9%), and headache (4.9%).
These clinical data have led to the development of Phase III studies of brivanib for first-line therapy (vs sorafenib in newly diagnosed patients with advanced HCC) and for patients who are sorafenib-refractory (compared with best supportive care for patients with advanced HCC).
41,42 Accrual completion is projected for February 2013 and December 2011, respectively.
AZD2171 (Cediranib)
Cediranib is a potent inhibitor of all VEGFR tyrosine kinases, with additional activity against c-kit and PDGFR (see Fig. 1 ). In a Phase II study evaluating this small molecule inhibitor dosed at 45 mg by mouth daily in patients with advanced HCC, 43, 44 16 of 19 patients developed grade 3 toxicities, with fatigue, hypertension, and anorexia accounting for most of these events. Additional cycles of this drug were refused by most patients who experienced grade 3 fatigue. Further studies are required to assess tolerability and safety of cediranib in patients with HCC.
ABT-869
ABT-869 is a selective inhibitor of both the VEGFR and PDGFR pathways (see Fig. 1 ). An interim analysis of an open-label, multicenter Phase II study of this inhibitor administered at 0.25 mg/kg daily in CPT A or once every other day in CPT B patients was recently reported. 43, 45 ABT-869 was administered until disease progression or intolerable toxicities developed; the primary end point is PFS at 16 weeks. Among the 34 patients in the study for whom data were available (28 with CTP A and 6 with CTP B cirrhosis), the RR was 8.7% (95% CI, 1.1-28.0) for patients with CTP A cirrhosis, median PFS was 112 days (95% CI 61-168) and OS was 295 days (95% CI 182-333). The most common side effects were hypertension (41%), fatigue (47%), diarrhea (38%), rash (35%), proteinuria (24%), nausea/vomiting (24%), cough, and peripheral edema (24%). The most frequent grade 3 or 4 adverse events included hypertension (20.6%) and fatigue (11.8%). Unlike cediranib, the early efficacy and tolerability safety profiles of ABT-869 have encouraged additional development of this agent in patients with advanced HCC.
GW786034 (Pazopanib)
Pazopanib is a multityrosine kinase inhibitor that targets VEGFR, PDGFR, and c-kit signaling cascades (see Fig. 1 ). A Phase I study determining the maximum tolerated dose (MTD), safety, pharmacokinetics, pharmacodynamics, and antitumor effect of oral pazopanib in patients with locally unresectable or metastatic HCC was recently presented. Patients in this study were ECOG PFS 0-1, had adequate organ function, and could have received prior systemic therapy. 46 The dosing schedule included escalations of 200 mg to 800 mg daily in a 313 design. Of the 27 patients enrolled in this study, the MTD was 600 mg daily. There was a PR observed in 1 patient receiving 600 mg daily and 1 patient who tolerated 800 mg daily. Stable disease for greater than 4 months was reported in 11 patients (41%). Median TTP at 600 mg daily was 137.5 days (4-280 days).
PTK787/ZK222584 (Valatanib)
Valatanib targets all known VEGFR tyrosine kinases, including VEGFR/flt-1, VEGFR-2/ KDR-2, and VEGFR-3/Flt-4, as well PDGFR and c-kit signaling (see Fig. 1 ).
Results of an open-label, multicenter Phase I study characterizing safety, tolerability, and pharmacokinetics of valatanib administered daily at oral doses ranging from 750 to 1250 mg was reported by Koch and colleagues. 47 The MTD for valatanib was 750 mg daily. Among the 18 patients for whom efficacy data were available, 9 of 18 demonstrated stable disease with no PR or CR observed. Currently, there are no additional studies planned for this agent.
Summary of Antiangiogenic Agents
There are several antiangiogenic agents being evaluated for the treatment of advanced HCC, including a monoclonal antibody and small molecule inhibitors in addition to sorafenib that demonstrate some clinical efficacy. However, the trials evaluating these agents comprise small Phase I or II studies and, therefore, further studies enrolling larger numbers of patients and comparing these agents to the standard of care (sorafenib) are warranted. Given the large number of agents in this class of drugs relative to the number of patients available to enroll, careful consideration of the relative efficacy (ie, RRs, rates of stable of disease) versus the toxicities of each agent will be essential before initiating additional, larger Phase III trials that could take years to complete.
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EPIDERMAL GROWTH FACTOR-RECEPTOR INHIBITION
The importance of EGFR/human epidermal growth factor receptor (HER)1 signaling following binding to EGFR and TGF-a in hepatocarcinogenesis 48 has provided the rationale for evaluating inhibitors of these pathways to treat patients with HCC. The small molecule inhibitors, erlotinib and gefitinib, as well as a chimeric monoclonal antibody against EGFR, cetuximab, have been studied as potential treatments for patients with advanced HCC.
Erlotinib and Gefitinib
Erlotinib and gefitinib are small molecule inhibitors of the phosphorylation of the tyrosine kinase associated with EGFR (see Fig. 1 ). Two Phase II clinical studies evaluating the safety and clinical efficacy of erlotinib at 150-mg daily dosing have demonstrated that this drug as a single agent has comparable clinical activity to the antiangiogenic agents described previously. 49, 50 In the Phase II study reported by Philip and colleagues, 49 3 (9%) of 38 patients with advanced HCC who received erlotinib experienced a PR; 12 (32%) of 38 patients demonstrated PFS at 6 months with a median OS of 13 months for this group. In another Phase II study reported by Thomas and colleagues 50 in which 40 patients with advanced HCC were enrolled, 17 patients (43%) had PFS at 16 weeks and 28% patients had PFS at 24 weeks. No PR or CR was observed in the patients enrolled in this study.
An ECOG Phase II study (E1203) evaluated gefitinib, administered at 250 mg daily, with a planned 2-stage design. 51 Unfortunately, the clinical activity of this agent did not reflect that observed in the previously discussed erlotinib studies. Of 31 patients with advanced HCC enrolled in the first stage, 1 patient experienced a PR and 7 patients demonstrated stable disease. Median PFS was 2.8 months (95% CI 1.5-3.9); median OS was 6.5 months (95% CI, 4.4-8.9). Given the data and because the preestablished criteria for enrolling patients in the second stage were not met, the investigators concluded that this agent was not active in HCC.
Cetuximab
Cetuximab is a chimeric monoclonal antibody that is FDA approved for the treatment of advanced head and neck cancers and a subset (kras WT) of advanced colorectal cancers. 52 Two Phase II trials have evaluated cetuximab as a single agent in CTP A and B patients with advanced HCC. 53, 54 Both trials reported no objective response in any of the patients participating in either study. Zhu and colleagues 53 observed a median OS of 9.6 months (95% CI of 4.3-12.1 months) and PFS of 1.4 months (95% CI of 1.2-2.6) in the 30 patients enrolled in their study. Grü nwald and colleagues 54 reported that 12 of 27 patients enrolled in their Phase II study achieved stable disease; median TTP was reported to be 8 weeks.
Combinations of this biologic agent with cytotoxic chemotherapies have also been evaluated in 2 Phase II studies. The first Phase II study evaluated the combination of cetuximab administered at 400 mg/m 2 loading dose followed by weekly administration at 250 mg/m 2 with gemcitabine administered at 1000 mg/m 2 on day 1 with oxaliplatin administered at 100 mg/m 2 on day 2 of a 14-day cycle until the development of disease progression or intolerable side effects. 55 A 20% RR among the 45 patients enrolled in this study was reported with PFS and median OS being 4.7 months and 9.5 months respectively. The 1-year survival rate was 40%. Gemcitabine/oxaliplatin doublet chemotherapy has reported antitumor activity; however, cetuximab did not demonstrate antitumor activity as a single agent. Therefore, the overall contribution of weekly cetuximab therapy to this combination regimen requires further elucidation.
A second Phase II study evaluating cetuximab with loading and weekly doses as described previously with the oral fluoropyrimidine, capecitabine, administered at 850 mg/m 2 twice daily for 14 days and oxaliplatin administered at 130 mg/m 2 IV on day 1 of a 21-day cycle has reported a RR of 10% (95% CI of 1-33) and TTP of 4.3 months (95% CI 2.3-5.0) in 20 of 25 enrolled patients with HCC with evaluable efficacy data. 56 In summary, the efficacy of EGFR signaling inhibitors alone, and in the case of the cetuximab experience in combination with cytotoxic chemotherapy, has been modest at best. Further trials evaluating erlotinib in combination with sorafenib or bevacizumab are under way.
MEK INHIBITION
HCC frequently demonstrates MEK/extracellular signal-regulated kinase (ERK) activation. A MEK inhibitor, AZD6244, was recently evaluated in a multicenter Phase II study using RR as its primary end point in patients with advanced HCC receiving 100 mg administered by mouth twice daily. Unfortunately, although this drug was well tolerated, there was minimal clinical efficacy observed in the treated groups with no RRs reported in the 16 patients with evaluable data. Stable disease was observed in 37.5% of patients; median TTP was a dismal 8 weeks (95% CI 6.6-11.1). 57 
MTOR INHIBITION
mTOR regulates protein translation, angiogenesis, and cell-cycle progression in many cancers including HCC, and several mTOR inhibitors are used clinically (temsirolimus, everolimus, and sirolimus). Furthermore, retrospective studies evaluating liver transplant patients noted that those receiving sirolimus immunosuppression had a lower prevalence of developing HCC when compared with those receiving calcineurin inhibitors, providing the rationale for evaluating these agents in patients with HCC. 58 The clinical studies evaluating this approach are in early phases. A pilot study evaluating sirolimus in 14 patients with advanced HCC reported a 40% RR (5 patients with PR, 1 patient with CR) 59 and global studies evaluating sirolimus and everolimus are under way.
SUMMARY OF "TARGETED" AGENTS IN ADDITION TO SORAFENIB
Thus far, the results from a number of Phase II studies have yielded disappointing results with many of the targeted agents when evaluated as single agents. Many agents did not demonstrate a RR or significant improvement in survival over that observed with single-agent sorafenib. These studies have been hampered by low enrollment numbers and, given the difficulties in accruing large numbers to these types of studies, there have been too many competing studies between various agents.
It is imperative to prioritize studies evaluating agents that have strong preclinical evidence demonstrating antitumor effects in preclinical models of HCC. These drugs must be compared with sorafenib as the control arm in the first-line setting. In addition, more agents with novel mechanisms of action should be considered high priority, given the relative ineffective clinical activity of many of the older "targeted" agents. Although sorafenib has sparked a renewed hope that systemic agents can improve clinical outcomes in patients with advanced HCC, there is certainly a great need for additional approaches for the treatment of this devastating disease.
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IMMUNOTHERAPIES
Given the lack of effective targeted therapies and cytotoxic therapies for advanced HCC, novel approaches evaluating the use of cytokine-based, adoptive effector cell-based, and vaccine-based immunotherapeutic approaches have been evaluated. Of interest, results of preclinical and clinical studies have demonstrated that these tumors are not classically immunogenic in mice or humans, 60 warranting the use of immunotherapy to elicit antigen presentation to develop and maintain antitumor responses in the host.
Cytokines
Among the cytokines evaluated, IFN-a was initially evaluated in 2 randomized trials, as interferons have immunomodulatory, antiproliferative, and antiangiogenic effects that may inhibit mechanisms critical for HCC development and progression. 61, 62 Unfortunately, whereas one trial performed in the 1980s demonstrated a marginal survival advantage in patients with HCC receiving IFN-a (14.5 vs 7.5 weeks, P 5 .047), 61 a second randomized European trial did not report a survival benefit and the treatment was poorly tolerated. 62 Mazzaferro and colleagues 63 conducted a randomized control trial of IFN-a for prevention of HCC recurrence after liver resection in patients with hepatitis C. Although there were no differences in recurrence-free survival in the control and treatment arms, the subgroup of patients with hepatitis C alone (in contrast to hepatitis B and C coinfection) who were adherent to therapy had far fewer late recurrences. Further study is required to understand the potential benefit of IFN-a in this group.
In addition to single-agent IFN-a, combinations of this cytokine with cytotoxic chemotherapy agents, including PIAF, have also been evaluated, as previously discussed. A subset analysis of patients with HCC receiving the PIAF regimen who were considered "good-risk patients" with preserved liver function and a bilirubin level lower than 0.6 mg/dL, demonstrated RRs of 50%. 10 Therefore, although this regimen can be highly toxic, it may be appropriate for patients with adequate liver function in which downstaging of disease may enable subsequent surgical resection.
Several cytokine-based approaches have been studied for advanced HCC. These include TACE with IFN-g plus interleukin (IL)-2, 64 IFN-g plus recombinant granulocyte-macrophage colony-stimulating factor (GMCSF), 65 and intratumoral injection of an adenoviral vector expressing IL-12. 66 The small number of patients enrolled in these studies (up to 20 patients were enrolled in the TACE study) and the lack of significant numbers responding to the latter two approaches, suggest that further evaluation both at the bench and the bedside is required to determine the best candidate cytokines for further clinical development.
Effector Cells
The rationale for the isolation and expansion of effector cells responsible for clearing tumors in cancer patients has been well established in preclinical and clinical studies, including those for metastatic melanoma, 67 suggesting that this approach may be viable for other solid tumors, such as HCC. The use of lymphocyte-activated killer (LAK) cells, transfer of ex vivo expanded tumor-infiltrating lymphocytes, and IL-2 and anti-CD3 activated peripheral blood lymphocytes have been evaluated in patients with HCC with largely disappointing and conflicting results.
These studies have been reviewed recently by Giglia and colleagues. 66 In an early study, decreased rates of HCC recurrence were reported in patients who underwent resection of their primary tumor followed by infusion of LAK cells generated from peripheral blood lymphocytes obtained by leukapheresis and treated with IL-2 therapy. However, a subsequent study performed 4 years later demonstrated no clinical benefit to this approach.
The generation of tumor-infiltration lymphocyte (TIL)-based approaches has been established in patients with metastatic melanoma, resulting in excellent durable RRs. 67 This approach is time and resource intensive, requiring the isolation of TILs from tumor samples and expansion of the lymphocytes ex vivo for several weeks followed by the subsequent infusion of expanded lymphocytes. Although there is one report from more than 10 years ago detailing an improved recurrence-free rate in 10 patients receiving this therapy following tumor resection, 68 further studies are warranted to determine if this therapy merits further development. To date, there are no data published evaluating this approach in patients with unresectable or advanced hepatocellular carcinoma.
Finally, the use of IL-2 and anti-CD3 activated peripheral blood lymphocytes (PBLs) has been evaluated in patients with HCC by Takayama and colleagues. 69 Although statistically significant improvements in the risk of recurrence and recurrence-free survival were reported, OS was not statistically significant. 69 In summary, although the expansion of effector cell populations to augment antitumor responses in HCC has been evaluated, the lack of significant clinical benefit (ie, OS) and the requirement for significant resources to isolate and expand these lymphocyte populations limits further clinical development of this strategy.
Use of Antigen-Presenting Cells
A number of groups have evaluated dendritic cell (DC)-based vaccines and reported variable clinical responses. In these studies, DCs are harvested from patients with HCC, pulsed with HCC tumor antigens, and subsequently reinfused into the patient. Among the studies currently published, the largest one involved 31 patients treated with autologous DCs pulsed with tumor lysate. 70 Four patients receiving the DC-vaccine demonstrated a PR; 17 patients had stable disease. Furthermore, 1-year survival in the 17 patients receiving monthly boosts of vaccine was reported to be 63%. All treated patients demonstrated a 1-year survival rate of 40% when compared with historical controls (20%), suggesting that the DC approach should be further evaluated in a larger cohort of patients.
In summary, immunotherapy with cytokines, effector cells, and DC-based vaccines has demonstrated limited clinical activity. The DC-based vaccines and IFN-based biochemotherapies have resulted in the largest RRs in patients with HCC. The biologic "signals" demonstrated in the trials detailed previously suggest that immunotherapeutic approaches may be a viable strategy alone and in combination with either cytotoxic chemotherapies or targeted therapies in this patient population. However, the results are limited to small clinical trials in heterogeneous populations. These approaches, developed in parallel with an improved understanding of other immunosuppressive factors in the HCC tumor microenvironment, are promising, but much work remains to be done before immunotherapy becomes standard of care for patients afflicted with this disease.
SUMMARY
Many potential systemic therapies are being investigated for the treatment of hepatocellular carcinoma. HCC is a heterogeneous disease that occurs among very heterogeneous populations. The incidence of this malignancy is rising sharply and the vast majority of patients present at advanced stages. Studies must be prioritized to be of the highest quality and yield. Although the earlier dismal results
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with cytotoxic chemotherapies made way for the development of locoregional therapies that provided improved overall survival, truly personalized therapy will require the selection of phenotypically similar stages of disease and populations, an understanding of the complex molecular and genetic pathways leading HCC, and a keen understanding of the pathobiology of cirrhosis. Only then will we understand how to offer a particular patient at a specific stage of disease the appropriate therapy to truly prolong survival.
Until then, treatment of HCC will continue to blend science and art, and require experience and a multidisciplinary approach. Many treatments are available, often for very similar patients. These treatments are provided by physicians working in different subspecialties and departments. In our experience, the use of multidisciplinary boards is needed to guide the best plan of therapy. Until recently, HCC treatment was restricted to surgical resection, liver transplantation, and ablative treatments. The advent of drugs able to target specific signaling pathways involved in HCC progression bear the promise to change our approach to HCC treatment. It is important to emphasize, however, that at this time (1) only sorafenib and mTOR inhibitors (the latter used to reduce post-liver transplant recurrence) have entered the clinical arena; (2) sorafenib and similar drugs are not considered first-line treatment, except in advanced, unresectable HCC; and (3) objective criteria must be devised to judge tumor response (decrease in vascularization vs decrease in mass diameter) to have objective and uniform measures of success in upcoming clinical trials.
With new drugs in the pipeline and information on the use of sorafenib as an adjuvant treatment, it is very likely that the indications for systemic treatment of HCC will significantly increase, moving from a sequential to a combination treatment strategy. As alluded to in the introduction, there are several clinical conditions that eagerly await solutions and will likely become the main indications for systemic treatment. In addition to the patient with advanced stage HCC, patients treated with surgery, ablation, or TACE may benefit from systemic treatment to reduce the recurrence of their disease and/or mitigate the effects of cytokines released after locoregional treatment. Patients listed for transplantation who are not amenable to ablative treatment may also benefit from systemic treatment.
Clinical trials designed to understand these questions are being performed; until the results are available, we should refrain from routinely administering systemic therapy in the absence of strong evidence. Furthermore, before embarking on costly treatments with drugs characterized by a narrow therapeutic margin, it is mandatory to consider their impact on quality of life and their place in the overall plan of care.
